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Helium Burning:   
3αααα        →→→→  12C Known

αααα    ++++    12C        →→→→        16O     ???
C/O = ?

12C(αααα,,,,γγγγ))))16O (Ecm = 300 keV)

σσσσ((((αααα,,,,γγγγ))))    ====    S/E X  e-2ππππηηηη
 (η = e2Z1Z2/ υ = Z1Z2α/β)

Astrophysical Cross Section
Factor (P  and  D waves)
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ratios of the excitation function for ulab � 84.0± relative
to the one at ulab � 58.9± and a fit to this function.

The best fit for the reduced width amplitude of the
21 subthreshold state occurred for g12 � 0.47 MeV1�2,
with g11 � 0.27 MeV1�2 for the subthreshold 12 state for
the single channel program. Identical results were ob-
tained in the multichannel program (both a � 5.5 fm).
To obtain an error estimation, fits were obtained for val-
ues of g12 from 0.2 to 0.60 MeV1�2, with all other pa-
rameters being allowed to vary. The resulting x2 curve
is shown in Fig. 2(a). The same approach was used to
scan g11 from 0 to 0.60 MeV1�2 for the 12 state. A
1s uncertainty of g12 � 0.47 6 0.06 MeV1�2, and g11 �
0.2710.11

20.27 MeV1�2 was calculated with the previously es-
tablished [2] guideline x2 , x

2
min 6 9x2

n. A list of the
best fit parameters is presented in Table I. The best fit has
a x2

n of approximately 1.66. Deviations from an ideal fit
occur at resonances with widths in the keV range where the
sensitivity to target effects and beam energy calibration is
most pronounced.

The influence of the interaction radius a on the results
has been investigated. A strong dependence of x2 as a
function of a was found with a � 5.4210.16

20.27 fm as the best
value shown in Fig. 2(b). The dependence of g12 on the in-
teraction radius a is shown in Fig. 3. The width decreases,
as expected, with increasing a. Close to the minimum
an approximate 1

a dependence is found for g12 and other
widths. This result justifies using a � 5.5 fm throughout
the analysis and represents the first real restriction on the
interaction radius a in the 12C�a, g�16O problem.

Previous extrapolations of SE2�300� have been made us-
ing simultaneous fits to all available primary data [8]. Di-
rect inclusion of all the elastic scattering data presented
here will statistically dominate other data sets. For this rea-
son, the reduced width amplitude g12 can be directly fixed
within its errors in such fits without significantly narrow-
ing the x2 range estimated in the minimization. There-
fore the best-fit elastic scattering parameters for the 21

states were combined with radiative capture data [4–7]

FIG. 2. (a) x2 minimization for g12 at a � 5.5 fm, and
(b) x2 minimization for the interaction radius a.

from 12C�a, g�16O and 16N data [2]. This analysis leads
to a value of SE1�300� � 80 6 20 keV b, and SE2�300� �
4917

29 or 5818
211 keV b, depending on the sign of the E �

4.39 MeV 21 resonance g width amplitude relative to that
for direct capture and the subthreshold resonance. As this
interference sign is unknown, the two results are averaged
and errors include the limits on both measurements, yield-
ing SE2�300� � 53 6 13 keV b. With the full range of a
allowed here, the final result is SE2�300� � 53113

218 keV b.
In this analysis destructive interference between the ground
state direct capture and the tail of the subthreshold 21 reso-
nance has been employed. This is justified by a total de-
crease in x2 of nearly 300 between the destructive and
constructive options, largely due to the g-angular distri-
butions of Refs. [5] and [7]. However, additional angular
distributions would be desirable, as the constructive option
leads to 92 and 102 keV b, respectively, for SE2�300�. The
data set of Ref. [25] is unfortunately not available to the
authors.

The current value of the reduced width amplitude
g12 � 0.47 6 0.06 MeV1�2 agrees with the original phase
shift analysis of Ref. [3], which yielded g12 � 0.48 6

0.06 MeV1�2 for a � 5.43 fm. However, the cur-
rent value has many of the restrictions on R-matrix
parameters removed which were applied in Ref. [3].
A recent sub-Coulomb a-transfer experiment [26] in-
volving both 6Li and 7Li beams came to g12 � 0.33 6
0.03 MeV1�2 at a � 5.5 fm. A similarly lower value of
g12 � 0.36 6 0.06 MeV1�2 would have been found here,

TABLE I. Best fit R-matrix parameters for a � 5.5 fm. Ener-
gies in brackets are fixed to their physical value.

gl� �MeV1�2� El� �MeV�

g10 9.82 3 1027 E10 �21.1130�
g20 9.198 3 1023 E20 4.888
g30 0.865 E30 9.67
g11 0.270 E11 �20.0451�
g21 0.555 E21 3.358
g31 2.74 E31 52.7
g41 0.139a E41 5.350a

g12 0.473 E12 �20.2450�
g22 2.43 3 1022 E22 2.684
g32 8.95 3 1022 E32 4.387
g42 2.60 E42 44.5
g52 0.128a E52 5.978a

g13 0.190 E13 �21.032�
g23 0.471 E23 5.63
g33 18.7 E33 2.90 3 103

g14 0.44 E14 3.196
g24 3.09 3 1022 E24 3.936
g34 1.287 E34 13.31
g15 0.67 E15 7.845
g16 0.29 E16 6.0b

aFrom phase-shift fit. Fixed in minimization.
bSet limit.
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FIG. 5. Five-level–R-matrix fit to the SE2 capture data of this
work (a) and to the a-elastic scattering data (l � 2) of Plaga
et al. [17] and D’Agostino Bruno et al. [18] (b).

the 21 resonance [23]. The result is shown in Fig. 5. This
fit is consistent with the recent data of Tischhauser [24].

The S-factor curves are extrapolated into the range of
burning temperature. The following values for the E1, the
E2 part of the S factor, the contribution due to g cascades,
and the total S factor at 300 keV have been extracted:

S300
E1 � �76 6 20� keV b, S300

E2 � �85 6 30� keV b ,

S300
casc � �4 6 4� keV b, S300

tot � �165 6 50� keV b .

Although the present experiment has been performed with
a tenfold better sensitivity than all previous ones [7–9],
this is not reflected in the quoted uncertainties which
include both statistical and systematic errors induced by
R-matrix analysis and fitting procedures. Our quoted
errors are therefore of the same order for the SE1 and
higher for the SE2 than the corresponding values of
Ouellet et al. [7,8]. We believe that the errors quoted

by Ouellet et al. are strongly underestimated. The SE1
value is in agreement with the determination via the 16N
decay [22], with the revised value of Ouellet et al. [8] of
�79 6 16� keV b and with the value of Roters et al. of
�95 6 44� keV b [9]. The SE2 value differs from the
determination of Ouellet �36 6 6� keV b, while Roters
et al. specify no SE2 extrapolation value.

We are indebted to Professor Dr. U. Kneissl for support-
ing this project. We are obliged to Professor Dr. C. Rolfs
and K. Brand, Bochum, for making the DTL ion implanter
available for our target preparation. We are grateful to R. E.
Azuma for sending us information on his R-matrix calcu-
lations. We thank K. Langanke for mailing us his valuable
comments. This project was supported by the Deutsche
Forschungsgemeinschaft (DFG), Bonn (AZ Ha 962/18).
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Optical Readout Time Projection Chamber (TPC)

16O + γ → α + 12C

Eγ = 8.0 - 10.0 MeV

σ(γ, α) = (2S1+1)(2S2+1)
2(2S4+1)

× k2
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γ
× σ(α, γ)
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Gas Electron Multiplier (GEM)

Typical parameters:
• 50µm Kapton
• metal coated
• Ø50-70µm holes
• 100-200µm pitch
• 80% opacity

F. Sauli NIM A 433 (1997) 531

Electric field in the holes >20kV/cm

Photo of
a GEM
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We Have a Major Problem 
It is Not Solved After 30 Years 
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2. The Solution: O-TPC 

(Who will do it? and where?) 
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